Summary.-When thioguanine-resistant V79 cells are introduced into spinner flasks containing V79 multicell spheroids, the mutant cells attach to the surface of the spheroids. The composite spheroids thus formed consist of external, thioguanineresistant (TGr) and internal, thioguanine-sensitive cells. Cell sorting with a Becton Dickinson FACS II was used to determine the relative position of TGr cells and sensitivity to fluorescent drugs. After 2-4 days, the TGr cells are found internally as well as externally. The initial percentage of TGr cells varies from 1 to 50%, depending on the size of the single-cell inoculum, size of spheroids and frequency of addition of cells during a 24h period. Differential effects of drugs or radiation on external (cycling, oxic) vs internal (non-cycling, hypoxic) cells of composite spheroids can be assayed by simply plating cells trypsinized from spheroids into standard medium or medium with 2 1ug/ml 6-thioguanine, which allows growth of only TGr cells. For example, Adriamycin, which penetrates poorly into spheroids, is preferentially toxic to external cells, and causes a decrease in the percentage of TGr survivors. Irradiation of composite spheroids also causes preferential killing of external (oxic) TGr cells. However, AF-2, a nitrofuran which preferentially kills hypoxic cells, caused an increase in the % of TGr cells. This technique should prove useful in the evaluation of the preferential cytotoxicity of chemotherapeutic agents, alone or in combination.
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CHINESE HAMSTER V79 cells can be grown in suspension culture to form multicell clusters or "spheroids" (Sutherland & Durand, 1976) . Spheroids display many of the features of tumours: the presence of cycling, non-cycling, hypoxic and nutrient-depleted cells (Sutherland & Durand, 1976; Durand, 1976) . As such, they are particularly adaptable to studies related to tumour therapy.
A distinct advantage of the V79 spheroid model is the ability to assay individual cells for their viability. Coupled with cell-separation techniques, colonyformation assays can give valuable information on the preferential toxicity of drugs and radiation towards the internal (hypoxic and non-cycling) or external (well-nourished, cycling) cells of spheroids.
The techniques recently developed for analysis of preferential toxicity to spheroids include velocity sedimentation at unit gravity (Durand, 1975) , centrifugal elutriation (Keng et al., 1980) , sequential trypsinization (Fryer & Sutherland, 1980) and fluorescence-activated cell sorting (Durand, 1980) . In this paper, an alternate technique to discriminate between internal and external cells of spheroids is described. Mutant V79 cells resistant to purine analogues will automatically attach to the surface of V79 spheroids growing in suspension. Treatment of these composite spheroids with drugs or radiation can be followed by trypsinization and plating cells in medium with or without 6-thioguanine. The percentage of thioguanineresistant (TGr) cells which survive treatment can be compared to the percentage before treatment. Comparison of this technique with cell-separation methods is discussed.
MATERIALS AND METHODS
Chinese hamster V79 spheroids were initiated and grown in suspension culture in minimal essential medium containing 5% foetal calf serum, as previously described (Sutherland et al., 1971; Sutherland & Durand, 1976) . The growth characteristics and response of these spheroids to drugs and radiation have been extensively characterized (Sutherland & Durand, 1976) . For most of the studies conducted here, spheroids were grown for 8-14 days before adding of TGr cells. At these ages, the diameter of the spheroid varied between 490 and 820 ,tm and each spheroid contained 3 x 104-8 x 104 cells.
A TGr cell line was isolated from the parent V79-171B cell line by treatment with 1 ,ug/ml MNNG and incubation of 2 x 105 cells with 10 Hg/ml 6-thioguanine (spontaneous mutation frequency 10-5 and has been tested for HGPRT deficiency using 3H-hypoxanthine. The parent and TGr lines are maintained in monolayer culture in minimal essential medium with 15% foetal bovine serum (Gibco).
Both cell lines are capable of forming spheroids in suspension culture and both grow with similar doubling times (11 h). Adriamycin was obtained from Sigma and 2 -(2 -furyl) -3 -(5 -nitro -2 -furyl)acrylamide (AF-2) from Dr G. T. Bryan, University of Wisconsin. The location of TGr cells attached to spheroid was determined by labelling the external cells of spheroids with 10DiM H-33342 (bisbenzimide; American Hoechst, Sommerville, New Jersey) a fluorescent doublestranded-DNA stain, for 30 min. Spheroids were then trypsinized and single cells were sorted under UV excitation at 340 nm and emission at wavelengths > 400 nm using a Becton Dickinson FACS II. Fluorescence channels were designated to eliminate most cellular debris, and 105 cells were sorted serially and assessed for colony-forming ability as described above. For cell-sorting using Adriamycin and AF-2, laser excitation was at 488 nm, with emission monitored above 520 nm.
RESULTS
TGr cells added to flasks containing 12-day-old spheroids were taken up from the medium by attaching to the surface of the spheroids. After 24 h, the percentage of the total spheroid composed of TGr cells was dependent on the number of cells added to the flask, which appeared to be optimum between 5 and 7 x 104 cells/ ml ( Fig. 1 enhanced TGr cell uptake (Fig. lb) . Since TGr cells form spheroids themselves, it is not surprising that addition of "fresh" single cells every 3-4 h yields a greater percentage of TGr cells in composite spheroids. Fig. 1 also indicates that the percentage of TGr cells increases from Day 1 to 3 following addition of TGr cells to 12-dayold spheroids. After 3-4 days there is generally little increase, indicating that a steady state has been achieved between the TGs and TGr cells. This 3-4-day period is independent of spheroid size, and probably reflects the turnover time for cells within spheroids, in agreement with results estimated by autoradiography (Durand, 1976) .
In order to determine the variation in the percentage of TGr-cell uptake by individual spheroids, populations of 10-day-old spheroids were incubated with 5 x 104 TGr cells/ml. (Durand & Olive, unpublished) . Fig. 2 (left panel) shows that with increasing fluorescence the percentage of TGr cells increases from 3 to 19%. However, if composite spheroids are allowed to grow for 4 days after addition of TGr cells, the percentage of TGr cells is independent of fluorescence intensity (Fig. 2, right panel) outside of TG8 spheroids (and therefore well-oxygenated) appear to be more sensitive to radiation damage than internal TG8 cells. There appears to be a higher proportion of hypoxic cells in these spheroids than is regularly found. This may be explained by addition of external, oxygen-metabolizing TGs cells which may act to increase the hypoxic fraction of spheroids.
As shown in Fig. 4 , Adriamycin produced considerably more damage to external cells, of spheroids, whereas AF-2 preferentially killed internal cells as expected. However, if composite spheroids were allowed to grow for 3 days before drug treatment, much of this preferential toxicity was lost, in agreement with the data obtained using H-33342 and cellsorting (Fig. 2b) . TGr cells showed the fluorescent, sorting of highly fluorescent populations in composite spheroids can also determine, directly, drug-induced cell death. Fig. 6 shows composite spheroids with 34% TGr cells treated with 1 ,g/ml Adriamycin or 25 jug/ml AF-2. After Adriamycin treatment, the plating efficiency (PE, ratio of number of colonies to total number of cells plated) of all cells decreased from 0*57 to 0-24 and the PE of TGr cells decreased from 0-198 to 0-015. Fig. 6a also shows that highly fluorescent cells are more likely to be TGr cells and are more likely to be killed. Conversely, internal cells are protected from Adriamycin, and consist mostly of TGs cells. AF-2, a fluorescent nitrofuran, is taken up by hypoxic cells at a rate about 10 x that of oxygenated cells (Olive, submitted). Therefore, in spheroids with central hypoxia, the internal (TGB) cells should be more fluorescent than the external cells. However, cell-sorting on the basis of AF-2 fluorescence, rather than H-33342 fluorescence (Fig. 2) , indicated that there was only a small enrichment of Spheroids formed by incubating equal numbers of TGr (x) and TGS (o) cells together for 3 days were incubated with 1 ,tg/ml Adriamycin or 100 ,ug/ml AF-2.
TGS cells in highly fluorescent cells and only slightly enhanced cytotoxicity using 25 p,g/ml AF-2 (Fig. 6b) . Examination of frozen sections also indicated that the fluorescence of AF-2 was equally distributed throughout the spheroid. This might be expected if diffusion limitations produce a drug gradient into the spheroid while the decreasing 02 tension with distance into the spheroid gives an opposing gradient of drug uptake. Even using higher or lower concentrations of AF-2, the Adriamycin ( x ),0 004.
DISCUSSION
The technique described in this paper represents a new method of analysing the preferential cytotoxicity of many agents (or combination of agents) towards internal (hypoxic, non-cycling) vs external (oxic, cycling) cells of spheroids. Results obtained with this system should be applicable to tumour therapy, and should aid in optimizing combination chemotherapy.
In comparison with other techniques presently used to analyse toxicity in subpopulations of spheroids, this technique has several advantages. It involves a relatively simple preparation of composite spheroids, and little new technology. The contamination of internal populations of cells with external cells does not present a problem since the spontaneous mutation frequency of TGS cells is negligible. Nor are "markers" required which might interfere with drug toxicity. Centrifugal elutriation, fluorescence-activated cell sorting, and Sta-Put sedimentation, require expensive, complex equipment, capable of handling relatively few samples. Sequential trypsinization may produce artefacts due to prolonged trypsinization and in cross-contamination of external and internal cells. However, the use of the V79 spheroid system may be preferable over other spheroid models since suspension culture, "sticky" spheroids, and low cell-loss factors may be essential in forming composite spheroids in a reproducible manner.
Limitations of the use of composite spheroids to assess drug damage include two previously mentioned: cell loss during treatment, and alteration in spheroid nutritional status by addition of metabolizing cells to the surface. Spheroids form spontaneously and continue to grow to achieve a stable viable rim thickness determined by availability of nutrients and their rate of consumption. Addition of external cells will upset this balance, and consequently may alter the response of spheroids to drugs. Cell loss can result from lysis during spheroid treatment or trypsinization, as well as by release of external cells during drug treatment. Therefore it is essential to determine the average number of cells per spheroid before and after drug treatment. While correction for cellularity can be performed, without knowledge of the survival of "lost" cells this correction is invalid. Thus, analysis of results using drug concentrations which do not affect recovery of cells from spheroids is preferable.
